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The Stirling cycle engine is gaining increasing attention in the current energy market as a 
clean, quiet and versatile prime mover for use in such situations as solar thermal genera¬ 
tion, micro-cogeneration and other micro-distributed generation situations. 

A theoretical Stirling cycle engine model is developed. Using a theoretical decoupled 
engine configuration in which working space swept volume, volume variation, phase angle 
and dead space ratio are controlled via a black-box electronic controller, a model is devel¬ 
oped that is to be used as a tool for analysis of the ideal Stirling cycle engine and the limits 
on its real-world realisation. 

The theoretical configuration approximates the five-space configuration common in Stir¬ 
ling cycle analysis. It comprises two working spaces and three heat exchangers: hot side, 
cold side and the regenerator between. The kinematic crank mechanism is replaced by 
electronically controlled motor/generator units, with one motor/generator controlling each 
of the working pistons. The use of stop valves permits the flow and non-flow processes 
inherent in the ideal cycle to be realised. 

The engine configuration considered here is not intended as a viable prime mover but 
rather a tool for study of the limitations of the cycle. 

© 2010 Elsevier B.V. All rights reserved. 


1. Introduction 

The Stirling engine is a closed cycle, regenerative, external combustion reciprocating engine that relies for its power con¬ 
version on the cyclic heating and cooling of a fixed mass of gas within the engine. At the time of its invention, steam engines 
were the dominant power generation technology, and although it offered a competitive and, importantly, safer alternative to 
such engines, it never seriously challenged their market share [1 ]. Although it predated the Otto and Diesel cycle engines by 
some 50 years, it has struggled to maintain market presence in competition with these Internal Combustion engines since 
their introduction in the late 19th century. The reasons for this are numerous but are generally held to stem from its relatively 
sluggish response characteristics, its low power-to-weight ratio and its comparatively expensive manufacturing require¬ 
ments [2], However, being an external combustion engine, it does benefit from an omnivorous fuel or heat source capability 
and quiet operation. Finkelstein and Organ [3] offer good historical context for the engine, whilst also elucidating some of the 
inherent thermodynamic design considerations required. Walker et al. [4] give a broad account of the technology and its lim¬ 
its, with attention paid to its use as both a prime mover and a heat pump. Whilst it did fall from favour for the early years of the 
twentieth century, the positive characteristics of the engine led to a reinvigoration of interest in the engine in the nineteen 
thirties in the Philips Electric Company, Eindhoven, and have continued to drive its development in the modern day for 
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applications in distributed generation, particularly solar thermal generation and micro-cogeneration applications. 
Kongtragool and Wongwises [5] discuss the use of the engine in solar thermal power generation situations. Similarly, Costea 
et al. [6] analyse the suitability of the engine to Solar generation by considering the irreversibilities in the system, particularly 
those associated with the solar receiver. De Paepe et al. [7] study the use of Stirling engine based micro-CHP systems in 
comparison to other, more conventional engine based systems. Similar work was conducted by Kelly et al. [8]. Perhaps more 
interestingly, Brandhorst and Chapman [9] present work concerning development of a 5 kW engine for use as a power 
generator in space applications. Such studies give a good indication of the diversity of application of the Stirling engine. 

The practical Stirling cycle always departs significantly from the ideal cycle. There are several reasons for this, corre¬ 
sponding particularly to the performance of the heat exchangers and the regenerator and the achievement of volume vari¬ 
ations through the use of crank-and-connecting-rod or other mechanisms. The latter is of relevance in the current work. A 
decoupled arrangement is proposed that utilises four separate motor/generator units for the achievement of volumetric vari¬ 
ations of the working fluid, thereby permitting more complete control over the volume changes in the cycle. This paper pre¬ 
sents an initial conceptual treatment of the proposed mechanism and a discussion of its possible merits. The concept is not 
intended as a viable prime mover at this preliminary stage but rather a conceptual device useful for consideration of the ideal 
cycle and its practical realisation. 

2. The Stirling cycle engine 

The Stirling engine is typically a kinematically sophisticated reciprocating engine system relying on the interaction of 
serially connected fluid working spaces, which are governed by crank-connecting rod assemblies linked to a flywheel. The 
mathematical realisation of the Stirling cycle is usually described in terms of a five-space configuration, as seen in 
Fig. 1(a) [2,10]. The expansion and compression working spaces are complemented by three heat exchange devices: a hot 
side heat exchanger, which admits heat to the system; a cold side heat exchanger which rejects heat from the system; 
and a regenerator linking the two heat exchangers. The ideal Stirling cycle is described in the following section. 

2.1. Ideal cycle 

Fig. 1(b) shows the ideal Stirling thermodynamic cycle. The air standard cycle comprises the following four processes 
[4,11]: 

• 1-2: Isothermal compression: heat rejection to external sink. 

• 2-3: Isochoric regeneration: internal heat transfer from the working fluid to the regenerator. 

• 3-4: Isothermal expansion: heat addition from external source. 

• 4-1: Isochoric regeneration: internal heat transfer from the regenerator to the working fluid. 

2.2. Stirling engines - state of the art and limitations 

The modern Stirling engine is a versatile and technologically developed device. The engines can broadly be divided 
according to their attributes into Kinematic or Free Piston machines. Kinematic engines use kinematic drive mechanisms 
to regulate the volume variations in the working spaces. Free Piston machines use gas pressure variations in the cycle to con¬ 
trol the movement of the displacer piston [12-14]. These engines were pioneered in the 1960s by William Beale and offer 
their own set of advantages, particularly in relation to reduction of friction losses in the drive. They find use in solar thermal 
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Fig. 1. The Stirling cycle (a) five-space ideal Stirling engine circuit and (b) air standard cycle. 
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plant and in remote generation in space [16]. Kinematic engines are of interest in the present work, however. A number of 
variations exist on the kinematic mechanisms used in the Stirling engine. The traditional modelling of the cycle, as first of¬ 
fered by Schmidt, treats the volume variations as being harmonic sinusoidal [2]. This is a significant departure from the ideal 
case and has the effect of reducing the cycle work. Narasimhan and Adinarayan present an evaluation of the displacement¬ 
time characteristics of various Stirling engine drive mechanisms in terms of optimum specific work of the engine [17,18]. 
Crank/connecting rod, Crank/connecting rod/cross head, Ross yoke, wobble yoke and rhombic drive are all examples of kine¬ 
matic mechanisms previously deployed [4,10]. Such mechanical mechanisms offer a harmonic or near harmonic variation in 
system working volumes. Fang et al. describe an elliptical drive that more closely approximates the ideal non-harmonic vol¬ 
ume variations [19]. 

3. Proposed engine configuration 

Fig. 2 shows the proposed engine configuration for the present work. The two working spaces (heated/expansion space 
and cooled/compression space) are shown as operating with two pistons each. The working spaces are isolated from each 
other through the use of cut-off valves 1 and 2 in the line on either side of the regenerator, R. The pistons are each actuated 
by a motor/generator via a rack and pinion gear and are controlled by a black-box electronic controller. Power storage is rep¬ 
resented in the diagram as being from a battery, although grid connection is also feasible. As the realisation of the thermo¬ 
dynamic circuit is the issue of concern for this study, technical considerations relating to the electronic control and power 
storage are not elaborated on. 

4. Thermodynamic analysis 

4.1. Description of operation 

4AA. Assumptions - heat exchange volumes 

Ideally the hot and cold side heat exchangers and the regenerator would have negligible internal volume but very large 
internal surface area. They would also present negligible resistance to the flow of the working gas. These ideals cannot be 
attained in practice, but the volumes, areas and flow-resistance characteristics are amenable to modelling and engineering 
optimization. 

The regenerator ideally has no internal thermal conductivity that would allow heat transfer through the thermal gradient 
that it contains (ideally from the source temperature to the sink temperature), but departures from the ideal can be modeled. 



Fig. 2. Decoupled Stirling engine configuration. 
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Ideally, all volume of the working fluid is contained within the four working spaces that are swept by the four pistons 
shown in Fig. 2. 

Ideally, the fluid temperature in each working space is uniform and the working space boundaries are adiabatic. Depar¬ 
tures from this could be modeled and quantified. 


4.1.2. Process 1-2 sawtooth approximation of isothermal compression 

Fig. 3(a) shows how the compression process is achieved by reduction of the total volume on the cold side. The gas is 
sealed in the cooled side of the engine, comprising the cooling heat exchanger and the piston swept volume, at pressure 




Fig. 3. Execution of the Stirling cycle using the decoupled engine configuration, (a) Isothermal compression; (b) constant volume regenerative heat 
exchange; (c) isothermal expansion; and (d) constant volume regenerative heat exchange. 
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Pi by the closing of valve 1. Pistons 1 and 2 are actuated by the movement of the opposed motor/generators. After the fluid 
has been compressed a small amount, the temperature of the fluid will have been raised by a small amount. The pistons stop 
and both pistons move in tandem, transferring the fluid at constant volume through the heat exchanger. The process is re¬ 
peated in an oscillating pattern until the gas is cooled and compressed to the minimum system volume required. The net 
effect is an incremental compression with improved fluid flow through the heat exchanger and hence improved heat transfer 
compared to the simple single-cooling-space moving piston and attached or integral heat exchanger alternative. A p-v dia¬ 
gram is shown in Fig. 4(a) and a displacement-time diagram is shown in Fig. 4(b) to demonstrate the compression process. 
This oscillating approach offers a sawtooth approximation to isothermal heat exchange conditions, as the small temperature 
rises due to compression are partly negated through the combined movement of the two pistons and the extra heat transfer 
afforded by the additional passes through the exchanger. In this treatment of the engine pressure losses associated with 
transfer through the heat exchanger are assumed negligible, although this could be modeled. The final state of the fluid 
in the compression space is a pressure of p ( 1+2 „) and temperature of T (1+2 n> 

4.1.3. Process 2-3 constant volume heat addition (regeneration) 

Fig. 3(b) shows the first constant volume regenerative heat transfer process. When the gas reaches pressure P( 1+2n) , valve 1 
opens, allowing fluid flow from the cooling space to the heating space via the regenerator and valve 2. Both compression 
pistons move to Top Dead Centre (TDC) to fully evacuate the space. Both expansion side pistons move out to facilitate 
the constant volume flow process. The fluid collects heat from the regenerator upon passing, and enters the expansion cham¬ 
ber at an elevated temperature and pressure. 

4.1.4. Process 3-4 sawtooth approximation of isothermal expansion 

Fig. 3(c) shows the isothermal expansion. Valve 2 closes, sealing the gas within the hot side of the engine. Similar to the 
compression phase, expansion is completed by the combined movement of the two pistons and the incremental increase in 
volume by the pistons. Again, this movement facilitates heat exchange into the system in the hot side heat exchanger by 
increasing the number of fluid passes within the exchange process. 

4.1.5. Process 4-1 constant volume heat rejection (regeneration) 

Fig. 3(d) shows the second constant volume regenerative heat transfer process. When the gas reaches P( 2 + 2 n+ 2 m> valve 2 
opens allowing fluid flow from the expansion space to the compression space via the regenerator. As before the two pistons 
move towards TDC to fully evacuate the chamber. 

4.2. Calculation of engine work 


For the ideal air standard Stirling cycle, Fig. 1(a), the work output of the cycle is calculated as: 

Ws, ideal = [ 0.34 + O12] 
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Fig. 4. Oscillating decoupled piston cycle, (a) p-v indicator diagram and (b) displacement-time diagram of cooling space demonstrating oscillating 
operation. 
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For the decoupled engine we must account for the oscillating motion of the twin piston arrangement to facilitate heat 
exchange. 

Fig. 4(a) presents the ideal cycle for the decoupled system. We see adiabatic compression processes followed by constant 
volume heat rejection from the system, as well as adiabatic expansion processes followed by constant volume heat addition 
to the system. The number of oscillations is not specified, so a generalised thermodynamic analysis is provided. Expansion 
and compression are assumed to be isentropic, and the ideal gas laws are assumed to apply. 

The number of thermodynamic state points will depend on the number of compression increments, n, and expansion 
increments, m. We see that for each compression increment a heat exchange process follows, so that we can say that there 
are 2 n state points on the compression side and 2m on the expansion side. 

4.2.1. Process 1: adiabatic compression with constant volume heat rejection 

The model assumes adiabatic compression processes followed by constant volume heat transfer processes in a “saw¬ 
tooth” manner similar to the inter-cooling and reheating processes that can be used on certain turbo-machinery. Adiabatic 
expansion and compression processes are a common assumption for piston engine cycles. The assumption is used to accom¬ 
modate the high speed of compression and expansion that is generally experienced in such engines, although polytropic pro¬ 
cesses are similarly possible. The assumption of adiabatic working spaces is an established method of analysis for the Stirling 
cycle [3,20]. The method proposed here differs in that the adiabats are broken by constant volume heat transfer processes. 
These constant volume processes reduce the gas temperature and pressure. The subsequent state point can then act as the 
starting temperature and pressure for a subsequent adiabatic compression. In this manner, heat is transferred from the sys¬ 
tem in a “sawtooth” manner. This process is considered as a method for approaching isothermal heat transfer over the full 
expansion and compression stages. 

After the adiabatic compression and expansion processes: 

r ‘"- p (vt)‘ {3) 

Tm ~ t ‘{wT' (4 > 

Heat rejection at constant volume: 

qR,i=eC v {T i+2 -T M ) (5) 


where 


T "- r “fe) <6) 

where k is the ratio of specific heats, C v is the specific heat of the fluid at constant volume, e is the heat exchanger effective¬ 
ness and r i+2 is the temperature of the gas after the heat transfer. Therefore, the total heat rejected from the cycle over n 
compression increments is the algebraic sum of the heat quantities rejected during each constant volume process: 

n 

flR.Total = ^2 ^ R i (7) 

i-1 

where q R i is the generalized form of the heat equation offered in Eq. (5) and n is the total number of compression increments. 

4.2.2. Process 2 and Process 4: constant volume regeneration processes 
Assuming perfect regeneration, no net heat is gained or lost by the system. 

4.2.3. Process 3: adiabatic expansion with constant volume heat addition 

Similar to Process 1, the expansion of the gas is achieved incrementally through a series of adiabatic expansion processes 
followed by constant volume heat addition processes. The number of oscillations is controlled by the black-box controller 
which actuates the motor/generators at the desired frequency. Consider point (3 + 2 n) as in Fig. 4(a) above. After the adia¬ 
batic expansion process: 

P 3+ 2n = P 2+2 „ ^ (8) 

\V3+2n/ 

The heat addition process occurs at constant volume after the adiabatic expansion process. Heat added at constant volume, 
per unit mass: 


<?A = £Cv(T4+2n — T3 + 2n) 


(9) 
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where 


T 4+ 2n = T 3+2n (^) ( 10 ) 

\P3+2n/ 

Therefore, the total heat admitted to the cycle is the algebraic sum of the heat quantities added during each constant volume 
process: 

m 

Qa ;Total ' Qa i (11) 

i=(2+2n) 


where q Ai is the generalised form of the heat equation as in Eq. (9). The work done by the system is therefore: 

W Stirling = Qa,T otal + 9 r,T otal 


( 12 ) 


4.3. Calculation of engine efficiency 

The efficiency of the engine can be expressed as: 

yj _ ^Stirling 
^A.Total 

Therefore 

^ 9 A,Total ^RTolal 

^ATolal 


(13) 


(14) 


5. Phase angle and dead space ratio control 

The use of the motor/generators and their electronic control yield another advantage. The control offered by the decou¬ 
pling of the system in the manner proposed implies the ability to manipulate such system parameters as working space 
swept volumes, system dead volume and the phase angle. Dead volume is defined as the total volume in the system that 
remains unswept by a piston. This includes a clearance volume in each of the working pistons. This clearance volume could 
be manipulated at will through the use of the independently controlled crank/connecting rod apparatus. 

The phase angle is the angle by which volume variations in the expansion cylinder lead those in the compression cylinder 
[21]. Optimal performance of the Stirling engine is dependent on the phase angle [21,22]. The apparatus described above 
could therefore easily allow optimisation of the phase angle by control of the separate crank mechanisms and dead volume 
ratios for given swept volumes. 

6. Conclusions and comments 

A kinematically decoupled Stirling cycle engine has been described. A major source of departure of the practical Stirling 
cycle from the ideal cycle is the sinusoidal volume variations experienced in the working spaces. These variations are con¬ 
trolled by the crank/connecting rod or by a similar drive mechanism. Although some efforts have been made in the past to 
more closely resemble the constant volume processes through the use of various drive configurations, none have succeeded 
in the exact duplication of the ideal conditions. Instead of a crank connected system, the working volume variations in the 
proposed engine are controlled through electronically controlled motor/generators connected to the pistons via rack and 
pinion gearing. Electromechanical systems are favorable in that they can benefit from higher degrees of control than a purely 
kinematic mechanism. It is proposed that the control afforded by the inclusion of the electronic controller would permit vol¬ 
ume variations that more closely correspond to those in the ideal cycle. 

A second major departure from the ideal cycle occurs through the non-isothermal heat transfer to and from the system. 
True isothermal conditions would require an infinitely slow transfer process, ie an infinitely slow engine, or infinite heat 
transfer, neither of which can be realised in a practical engine. An approximation to the isothermal condition is suggested 
in this work whereby the compression and expansion processes are completed in an oscillating manner between two pis¬ 
tons, allowing a greater number of passes of the gas in the heat exchangers for each thermodynamic cycle. This would allow 
greater heat transfer through thermodynamic processes that resemble inter-cooling and reheating as might be seen on cer¬ 
tain turbo-machinery. 

The mechanism presented is not intended as a viable prime mover but rather as a theoretical and pedagogical aid for the 
consideration of the Stirling thermodynamic cycle and its limitations. 
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